Insecticide-treated nets (ITNs) and long-lasting insecticidal nets (LLINs) are the primary interventions for preventing malaria in sub-Saharan Africa ([@R1],[@R2]). Nets accumulate holes through wear and tear during the course of everyday use, but the pyrethroid treatment continues to provide personal protection and to reduce vector capacity through excito-repellency and the killing of mosquitoes that contact the net ([@R3],[@R4]). During the last decade, pyrethroid resistance in *Anopheles gambiae* mosquitoes became widespread in western Africa and spread to or developed in eastern Africa ([@R5]--[@R9]). As coverage of LLINs expands across the continent under programs supported by the President's Malaria Initiative and Global Fund ([@R10]), resistance will inevitably increase ([@R11]--[@R13]).

Although resistance is perceived as a serious threat to the future of malaria control, the current distribution of resistance is patchy, and its severity seems to differ from 1 location to another. In the western African country of Benin, pyrethroid resistance has evolved in the M (Mopti) molecular form of *An. gambiae* mosquitoes that appears to combine the knockdown resistance (*kdr*) gene with oxidase mechanisms ([@R14],[@R15]). Carriers of this resistance were not controlled by pyrethroid treatments in experimental hut trials of ITNs or the leading brands of LLINs, PermaNet 2.0 (Vestergaard Frandsen SA, Aarhus, Denmark) and Olyset (Sumitomo Chemicals, Osaka, Japan) ([@R16],[@R17]). However, further west in Côte d'Ivoire, the *kdr* in *An. gambiae* S (Savannah) form mosquitoes conferred only limited resistance, and trials of ITNs continued to protect against mosquito blood feeding (biting) and malaria transmission by this species ([@R18]--[@R20]).

Results from experimental hut trials in Benin raise an alarm. Of key concern is whether ITNs that are subject to wear and tear under everyday household conditions fail to protect ITN users now that *An. gambiae* mosquitoes are becoming resistant. Modern mosquito nets lack physical durability, and household nets can accrue an average of 12--20 holes during 1--2 years of use ([@R21]). Net replacement schemes struggle to meet demand at this level of deterioration and attrition. To assess protection conferred by in-use polyester nets, we compared nets in households of northern Benin, where *An. gambiae* mosquitoes are mostly susceptible to pyrethroids, with nets in households of southern Benin, where *An. gambiae* mosquitoes are mostly resistant ([@R7]*,*[@R16],[@R22]). Residents of the selected households were all regular users of nets.

Materials and Methods
=====================

Study Sites
-----------

Three suburbs (Ladji, Fifadji, and Abomey Calavi) of Cotonou in southern Benin support breeding of mosquitoes of *An. gambiae* M form that is mostly pyrethroid resistant with a high frequency of *kdr* (\>90%) ([@R14],[@R22]). Malanville, 800 km north of Cotonou, is situated in an area in which mosquitoes are mainly pyrethroid susceptible, where *An. gambiae* M form mosquitoes show a *kdr* frequency of \<0.05 ([@R7]*,*[@R14]).

Selection of Households and Torn Nets
-------------------------------------

We selected 3--5 households from each site. The criteria for selection were that each house contain a sleeping room with a close-fitting door and a window suitable for fitting a mosquito exit trap and in which occupants possessed [\>]{.ul}1 worn nets under regular use. The points of entry for mosquitoes were through open doors or eave gaps between walls and roofs. Nets were made of polyester, cotton, or nylon and contained holes of various sizes and number. Before inclusion, the nets were subjected to World Health Organization cone bioassays by using a laboratory-susceptible strain of *An. gambiae* to detect pyrethroid residue. Only untreated nets or nets that had lost their insecticide through washing were retained for the study.

Household members gave informed consent to participate in the study and were provided with chemoprophylaxis throughout. The London School of Hygiene & Tropical Medicine and the Benin national ethics committees granted ethics approval.

Mosquito Exit Window Traps
--------------------------

Unidirectional window traps were fixed to window frames for collecting exiting mosquitoes. Each trap consisted of a 30-cm--sided metal frame covered with polyester netting, with 1 side drawn into a funnel to direct mosquitoes into the trap ([@R23]). The trap was fixed to a plywood sheet that could be fitted to window frames of differing sizes. The traps were placed before dusk and emptied of mosquitoes at 7 [am]{.smallcaps}.

Treatment of Mosquito Nets
--------------------------

Nets were treated with a microencapsulated formulation of lambdacyhalothrin (Icon 10 CS, Syngenta, Basel, Switzerland). The standard rate of 18 mg/m^2^ was used.

Mosquito Collection
-------------------

We conducted the trials during May and June 2008 at the southern sites and during July and August 2008 at the northern site. Rooms of selected houses containing untreated nets were fitted with traps and monitored for 5 consecutive nights to assess baseline mosquito density and blood-feeding and death rates. Nets were then treated with lambdacyhalothrin and monitored for 5 additional nights. Houses that attracted too few mosquitoes during baseline monitoring were dropped. Each morning, mosquitoes were collected from the window traps by mouth aspirator and transferred to paper cups and provided with sugar solution. Indoor resting mosquitoes were then collected from white floor sheets after the windows were sealed off and the rooms were sprayed with a nonresidual pyrethroid. Mosquitoes were identified to species and recorded as blood fed or unfed by microscopy. Scoring of blood-feeding rates was pooled for window trap and room collections. Death rates of the exit trap collections were determined after a 24-hour holding period. *An. gambiae* mosquitoes were identified to species and molecular form by using the method of Favia et al. ([@R24]) and genotyped for *kdr* by using the method of Martinez-Torres et al. ([@R25]).

Data Analysis
-------------

We assessed the effect of pyrethroid-treated nets on the proportions of *An. gambiae* blood-feeding or killed mosquitoes using a random effects generalized linear mixed model, recording the proportions of female mosquitoes before treatment as the baseline (control) group and the proportions after treatment as the test group. The model comprised 4 independent variables: treatment, number of holes per net, total area of all holes in the net under test, and number of persons in the household. Random effects in the model also accounted for repeated sampling over several days and the number of persons sleeping in the room. Regional differences in the condition of nets and in household size between the sites with resistant and susceptible mosquitoes were analyzed by using the Wilcoxon rank sum test. All statistical analyses were conducted by using STATA 9 software (STATA Corp., College Station, TX, USA).

Results
=======

Baseline Characteristics of Mosquito Nets and Sleepers
------------------------------------------------------

Eleven households at the southern sites (where mosquitoes are resistant) and 5 households at the northern site (where mosquitoes are susceptible) participated in the study. Each household contributed 1 sleeping room and 1 net to the study. Numbers of holes per net recorded at the southern and northern sites did not differ (p = 0.41) ([Table 1](#T1){ref-type="table"}). The area of holes per net was significantly smaller for nets from the south (p = 0.0013) ([Table 2](#T2){ref-type="table"}). Household size in the south was twice that in the north (p = 0.025).

###### Baseline characteristics showing condition of selected mosquito nets in households in northern sites, where mosquitoes are pyrethroid susceptible, vs. southern sites, where mosquitoes are pyrethroid resistant, Benin, 2008\*

  Variable                                 Northern site   Southern sites   Difference (95% CI)   p value
  ---------------------------------------- --------------- ---------------- --------------------- ---------
  Households, no.                          5               11               NA                    NA
  Household members, average no. (range)   2.2 (1--3)      5.1 (2--7)       2.9 (1.4--4.4)        0.025
  Holes in nets                                                                                   
  Average no. (range)                      10.2 (5--13)    9.5 (5--25)      0.65 (--5.3 to 6.6)   0.41
  Average size, cm^2^ (range)              28 (11--49)     11 (5--20)       15 (7--21)            0.0013

\*NA, not applicable.

###### Protection against *Anopheles gambiae* s.l. mosquitoes for persons sleeping under in-use mosquito nets before and after treatment with 18 mg/m^2^ lambdacyalothrin in houses in northern vs. southern sites, Benin, 2008\*

  Area, net condition                            Treatment of nets   Blood fed, no. (%)   OR (95% CI)         p value             aOR (95% CI)        p value
  ---------------------------------------------- ------------------- -------------------- ------------------- ------------------- ------------------- ---------
  Northern (pyrethroid-susceptible mosquitoes)   Before              810 (46)             1                                       1                   
  After                                          1,041 (16)          0.22 (0.18--0.28)    \<0.001             0.34 (0.26--0.44)   \<0.001             
  No. holes                                                                                                                                           
  [\<]{.ul}10                                    Before              503 (45)             1                                       1                   
                                                 After               850 (14)             0.20 (0.16--0.27)   \<0.001             0.26 (0.20--0.34)   \<0.001
  \>10                                           Before              307 (48)             1                                       1                   
                                                 After               191 (24)             0.34 (0.23--0.51)   \<0.001             0.37 (0.27--0.64)   \<0.001
  Size of holes, cm^2^                                                                                                                                
  [\<]{.ul}15                                    Before              59 (36)              1                                       1                   
                                                 After               217 (17)             0.38 (0.20--0.73)   0.003               0.38 (0.20--0.73)   0.003
  \>15                                           Before              751 (47)             1                                       1                   
                                                 After               824 (16)             0.21 (0.17--0.27)   \<0.001             0.21 (0.17--0.27)   \<0.001
  Southern (pyrethroid-resistant mosquitoes)     Before              268 (20)             1                                       1                   
  After                                          424 (23)            1.19 (0.81--1.73)    0.37                1.14 (0.73--1.76)   0.57                
  No. holes                                                                                                                                           
  [\<]{.ul}10                                    Before              111 (18)             1                                       1                   
                                                 After               200 (21)             1.15 (0.55--1.67)   0.28                1.17 (0.62--1.81)   0.31
  \>10                                           Before              165 (27)             1                                       1                   
                                                 After               224 (25)             0.89 (0.56--1.42)   0.64                0.89 (0.56--1.41)   0.63
  Size of holes, cm^2^                                                                                                                                
  [\<]{.ul}15                                    Before              115 (19)             1                                       1                   
                                                 After               189 (23)             1.31 (0.74--2.36)   0.35                2.59 (1.26--5.37)   0.01
  \>15                                           Before              153 (21)             1                                       1                   
                                                 After               235 (23)             1.10 (0.67--1.8)    0.70                1.09 (0.18--1.80)   0.713

\*OR, odds ratio; aOR, OR adjusted for condition of nets and household size.

Efficacy of Mosquito Nets Before and After Treatments
-----------------------------------------------------

During the 2-month trial, 692 *An. gambiae* mosquitoes; 2,271 *Culex quinquefasciatus* mosquitoes; and small numbers of *Mansonia uniformis*, *An. pharoensis*, and *Aedes aegypti* mosquitoes were collected at the southern sites. At the northern site, 1,856 *An. gambiae* mosquitoes, 1,051 *Mansonia* spp. mosquitoes, and small numbers of *An. funestus* and *Ae. aegypti* mosquitoes were collected. Only the malaria vector *An. gambiae* was analyzed further.

The blood-feeding rate of *An. gambiae* mosquitoes under untreated nets was higher in the north (46%) than in the south (20%) ([Table 2](#T2){ref-type="table"}), probably because of the larger size of holes in nets in the north. At the northern site (susceptible mosquitoes), the odds of blood feeding were lower after treatment than before treatment with or without adjustment for other covariates (adjusted odds ratio 0.34; 95% CI 0.26--0.44; p\<0.001) ([Table 2](#T2){ref-type="table"}). The overall protective effect of treatment was 66% (95% CI 56%--74%). The OR for nets with smaller and larger areas of holes indicated that ITNs provided similar levels of protection against the susceptible mosquito population regardless of the condition of the nets ([Table 2](#T2){ref-type="table"}).

At the southern sites, where mosquitoes are resistant, we found no evidence that sleeping under a treated net was more protective than sleeping under an untreated net (adjusted odds ratio 1.14; 95% CI 0.73--1.76; p = 0.566) ([Table 2](#T2){ref-type="table"}). There was no difference in blood feeding rates between nets that had a higher number and nets that had a lower number of holes. Nor was there any difference between nets that had a higher surface area or lower surface area of holes. These findings indicated that regardless of physical condition, treated nets provided no additional protection over that of untreated nets.

Mosquito mortality rates in the exit traps at the northern site (susceptible mosquitoes) were 8% before insecticide treatment of the nets and 70% after treatment. Mosquito mortality rates at the sites where they are pyrethroid resistant were similar before and after treatment of the nets and did not exceed 12% ([Figure](#F1){ref-type="fig"}).

![Death rates of *Anopheles gambiae* s.l. mosquitoes collected in exit traps at Mallanville (where mosquitoes are pyrethroid susceptible) in northern Benin and Fifadji (where mosquitoes are pyrethroid resistant) in southern Benin, 2008. Error bars indicate 95% CIs.](12-0218-F){#F1}

Species, Molecular, and *kdr* Genotyping
----------------------------------------

PCR identified *An. gambiae* s.s. as the main sibling species at southern and northern sites ([Table 3](#T3){ref-type="table"}). *An. arabiensis* mosquitoes were present as a minor sibling species at the northern site. The M form of *An. gambiae* mosquitoes predominated at all sites (83%). The frequency of *kdr* was 0.80 in the south and 0.10 in the north.

###### Characteristics of *Anopheles gambiae* s.l. mosquitoes collected from study households in southern and northern Benin, 2008\*

  Location, mosquito resistance   Species        Molecular form of *An. gambiae*        *kdr* genotype   *kdr* frequency                 
  ------------------------------- --------- ---- --------------------------------- ---- ---------------- ----------------- ---- --- ---- ------
  Northern, susceptible           5         30                                     27   3                                  28   5   1    0.10
  Southern, resistance            0         60                                     56   4                                  10   3   45   0.80

\*Values are no. mosquitoes except as indicated.

Discussion
==========

In this comparative study in areas of contrasting pyrethroid resistance and susceptibility, we used vector blood feeding as a surrogate for malaria risk and demonstrated that ITNs lose their capacity to provide protection once *An. gambiae* M form develops pyrethroid resistance of the type found in southern Benin ([@R16]). These findings clearly show that ITNs in local use fail to protect against *An. gambiae* populations that contain *kdr* resistance at high frequency. The mechanisms of resistance in southern Benin are complex, and metabolic resistance appears to contribute ([@R14]--[@R16]). The demonstration of contrasting blood-feeding and survival rates between resistant and susceptible *An. gambiae* mosquitoes in the household trial corroborates findings and predictions from earlier experimental hut studies in southern and northern Benin and confirms the veracity of experimental huts as a tool for predicting protection or control in the home ([@R16],[@R22]).

We chose to use ordinary household nets rather than new or intact nets. Intact nets might have provided barrier protection against resistant and susceptible mosquitoes, but such a trial would not have reflected local reality. Household nets are inevitably subject to wear and tear, and several studies have documented the association between naturally damaged ITNs and mosquito blood-feeding rates. Before the advent of ITNs, Port and Boreham ([@R26]), in an experimental hut study of bed nets previously used by local Gambians, found a strong correlation between blood feeding and the number and size of holes. More recently, Irish et al. ([@R27]), in an experimental hut trial of treated nets against pyrethroid-resistant *Cx. quinquefasciatus* mosquitoes, found an association between the proportion of mosquitoes blood feeding and the number of holes in the ITN. Cross-sectional parasite prevalence surveys in Equatorial Guinea showed that children sleeping under intact ITNs were protected against infection with *Plasmodium falciparum* but that the level of protection progressively decreased as the nets' condition deteriorated ([@R28]). Our study also stratified nets according to condition, and the analysis showed that persons sleeping under ITNs with holes in areas with pyrethroid-resistant mosquitoes had the same risk from mosquitoes as did persons using untreated nets, whereas in areas of pyrethroid susceptibility, the ITNs remained protective regardless of physical condition. As nets inevitably acquire holes over time, the loss of the nets' integrity will be felt most strongly in areas with resistant mosquitoes, and the community will be put at greater risk for malaria.

Campaigns of universal LLIN coverage aim to protect the families least able to afford nets ([@R29]). With the loss of net integrity over time, malaria transmission will continue across all age groups. Our results predict that mass distribution campaigns of LLINs would benefit populations in areas of pyrethroid susceptibility but are unlikely to control malaria in areas of high resistance. In villages of rural Benin, where pyrethroid resistance in *An. gambiae* mosquitoes is moderate (*kdr* frequency averaging 40%), the regular use of LLINs has had some effect on the prevalence of malaria among children \<5 years of age ([@R30]). We anticipate that in villages with *kdr* frequency \>80% that are subject to high rates of malaria transmission, as in the southern provinces ([@R22],[@R31]), the effects on the community of LLINs on malaria would be compromised among families who have poor-quality ITNs.

Sustained protection by any LLIN depends on 2 factors: the rate of loss of insecticide residue from the fibers and the retention of textile integrity. Our research shows that the emphasis placed by the World Health Organization and net manufacturers on developing nets that retain insecticide after recurrent washing is overlooking the role of net durability on effectiveness. A net that retains insecticide after multiple washes or 3 years of use is of no benefit if, before this period, the physical condition of the net and the holes that accumulate mean that in locations with high levels of resistance the net has lost the capacity to protect. During household use, polyester- and polyethylene-based LLINs acquiring holes within the first year and are starting to be discarded after 2 years ([@R21],[@R28],[@R32]). LLIN manufacturers need to create new types of fiber or increase the tensile strength to give better resilience against tearing or acquiring holes. Any such product should have a strong commercial advantage.

Resistance capable of undermining the effective use of LLINs is not confined to southern Benin. With the growing coverage of LLINs, the continuing selection of resistance in mosquitoes and its spread to mosquitoes in neighboring provinces and countries is inevitable. Restoring protection of LLINs requires innovation that combines pyrethroids and novel insecticides to which this form of *An. gambiae* mosquitoes shows no resistance.
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